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This  is  the  final  report  on  research  on  the  causes  of  "Geomagnetic  Disturbances”.  The  project 
began  in  1976  under  the  direction  of  Professor  (Research)  John  M.  Wilcox  as  Principal  Investigator 
with  the  collaboration  of  Dr.  Philip  Scherrer.  After  the  death  of  Prof.  Wilcox  in  1983,  the  work  contin¬ 
ued  under  the  direction  of  Dr.  Scherrer  with  Prof.  Peter  A.  Sturrock  as  Principal  Investigator.  In  1985 
Dr.  Scherrer  became  Principal  Investigator.  The  work  has  been  done  at  Stanford  University  first  in  the 
Institute  for  Plasma  research,  then  in  1983  in  the  Center  for  Space  Science  and  Astrophysics. 

Our  investigations  have  included  observations  and  analysis  of  the  solar  and  interplanetary  quanti¬ 
ties  relevant  to  geomagnetic  activity.  The  operation  of  the  John  M.  Wilcox  Solar  Observatory  (formerly 
the  Stanford  Solar  Observatory)  and  analysis  of  the  synoptic  observations  of  magnetic  fields  has  consti¬ 
tuted  a  significant  part  of  the  effort 

This  report  will  detail  our  progress  in  the  last  year  of  the  contract.  Previous  years  results  have 
been  described  in  the  yearly  proposals  for  continued  support  the  emphasis  of  the  research  during  the 
past  few  years  has  been  to  attempt  to  understand  the  timing  and  severity  of  geomagnetic  disturbances 
by  understanding  the  solar  mechanisms  responsible  for  the  origin  of  solar  wind  variations. 

Recent  efforts  have  been  concentrated  in  several  areas  of  research.  Thes£  include  the  study  of  the 
solar  dynamics  by  directly  observing  the  surface  manifestations  of  giant  scale  convective  motions.  A 
knowledge  of  the  structure  of  the  convection  zone  is  crucial  to  the  eventual  understanding  of  the  solar 
magnetic  cycle.  We  are  also  continued  our  study  ofHhe  origin  and  structure  of  coronal  magnetic  fields 
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and  the  origin  of  solar  wind  variability.  The  "static"1  structure  of  the  corona  is  governed  by  the  large 
scale  organization  of  photospheric  fields.  During  times  of  low  activity,  these  fields  can  be  used  to  infer 
the  coronal  structure  with  reasonable  accuracy.  Our  synoptic  series  of  high  accuracy  low  resolution  — 


magnetic  observations  continues  to  provide  a  useful  source  for  a  number  of  investigations  conducted  at 
Stanford  and  elsewhere.  We  also  investigated^  the  relation  between  the  effects  of  transient  events  and 
the  large  scale  ambient  structure.  W*_found  tha|  flare  accelerated  material  that  does  not  cross  the 
heliospheric  current  sheet  has  a  larger  impact  on  the  terrestrial  environment  than  material  from  flares 
that  must  cross  the  current  sheet  to  arrive  at  the  earth. 
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Our  recent  progress  in  each  of  these  areas  will  be  discussed  below. 

Observations  of  Large  Scale  Solar  Velocity  Fields 

Large  scale  horizontal  flows  on  the  sun  have  long  been  predicted  by  theory  and  are  generally 
believed  to  exist  in  the  convection  zone  but  have  not  been  previously  observed.  Such  flows  must  be 
intimately  connected  with  the  generation  and  evolution  of  solar  activity  and  the  eventual  understanding 
of  solar  magnetic  field  generation  depends  on  an  understanding  of  the  flows. 

One  of  the  important  goals  of  the  Wilcox  Observatory  has  been  the  observation  of  large  scale 
velocity  structures.  The  synoptic  series  of  velocity  observations  was  begun  in  1976.  This  series  of 
observations  has  been  examined  for  the  signature  of  large  scale  convective  motions.  The  observations 
are  low-resolution  full-disk  daily  velocity  maps.  Clear  wave  patterns  with  amplitudes  of  10  to  20  m/s 
have  been  found  at  low  and  mid  latitudes.  These  patterns  can  be  seen  to  move  across  the  disk  with 
solar  rotation.  They  have  a  large  latitudinal  extent,  sometimes  crossing  the  equator,  but  are  not  gen- 
eraly  aligned  on  meridians.  There  are  from  2  to  6  wave  patterns  around  the  sun  at  different  times. 

Recent  analyses  of  similar  observations  made  at  Ml  Wilson  Observatory  have  shown  that  there 
are  no  long  lived  convective  rolls  detectable  in  the  photosphere  at  the  1  or  2  m/s  level.  These  analyses 
were  designed  specifically  to  find  convective  rolls  extending  over  a  large  range  in  latitude  and  with  10 
to  40  waves  around  the  sun  *.  The  present  analysis  of  Stanford  observations  finds  horizontal  flow  pat¬ 
terns  which  are  larger  in  scale,  shorter  in  lifetime,  and  different  in  structure  than  those  searched  for  in 
the  Ml  Wilson  studies. 

Our  analysis  has  proceeded  by  first  removing  static  velocity  patterns  and  the  "limb  effect"  from 
the  raw  data  by  subtracting  54-day  running  means  of  each  observing  grid  point  Previous  analyses 


removed  rotation  and  the  limb  shift  by  subtracting  daily  full  disk  fits.  We  have  found  that  that  pro¬ 
cedure  can  contaminate  the  east-west  component  with  noise  from  the  red-shift  associated  with  active 
regions.  We  then  use  all  observations  of  each  heliographic  location  to  find  the  separate  components  of 
the  velocity  vector.  Figure  1  shows  a  typical  synoptic  map  of  east-west  motion.  The  light  shaded  areas 
show  westward  motion  (faster  than  rotation),  the  dark  shading  corresponds  to  eastward  motion  (slower 
than  rotation).  The  typical  magnitude  of  the  flows  is  10  m/s.  There  is  a  possibility  that  this  signal  is 
contaminated  by  the  redshifts  present  in  magnetic  regions.  Tests  with  artificial  redshifts  do  show  east- 
west  motions  as  artifacts,  in  with  the  opposite  direction  with  less  than  a  tenth  the  magnitude  of  the 
observed  signal.  Also,  the  observed  signal  and  structure  does  not  change  much  as  the  magnetic  cycle 
progresses  from  maximum  activity  in  1979  and  1980  to  low  activity  in  1984.  This  research  is  being 
pursued  primarily  by  Scherrer  and  Richard  Bogart  in  collaboration  with  Hirokazu  Yoshimura  of  the 
University  of  Tokyo  and  was  recently  presented  at  the  AAS  meeting  2.  A  paper  describing  the  first 
results  of  this  investigation  is  in  final  preparation. 


Synoptic  Observations  of  Solar  Magnetic  Fields 

The  observation,  analysis,  and  interpretation  of  large  scale  magnetic  field  configurations  continues 
to  be  a  major  part  of  our  research.  The  analysis  of  this  data  was  central  to  the  work  completed  by  Todd 
Hoeksema  for  his  PhX>.  dissertation  last  year.  In  that  work  he  raised  a  number  of  questions  that  are 
now  being  examined. 

One  of  these  concerns  the  evolution  of  the  solar  fields  when  viewed  as  a  decomposition  into 
several  spherical  harmonic  coefficients.  A  study  of  evolution  of  the  relative  power  in  the  various  har¬ 
monic  coefficients  which  describe  the  solar  field  has  been  completed.  He  has  shown  that  while  a  sim¬ 
ple  tilted  dipole  description  of  the  large  scale  solar  and  inteiplanetary  field  may  be  mathematically 
correct  during  some  parts  of  the  solar  cycle,  the  polar  field  and  the  lower  latitude  fields  that  contribute 
to  the  lowest  few  multipole  components  evolve  independently.  A  paper  describing  these  results  was 
presented  at  the  Fourth  European  Solar  Physics  Colloquium  3  with  a  summary  included  here  as  Appen¬ 
dix  A. 
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In  order  to  make  the  surface  field  observations  and  the  computed  source  surface  coronal  fields 
more  readily  available  for  comparative  studies,  we  have  prepared  an  atlas  of  solar  fields  for  Carrington 
rotations  1641  through  1756.  This  atlas  is  presently  being  printed  and  will  be  made  available  to 
interested  parties.  Figure  2  is  a  representative  page  showing  the  computed  field  at  the  base  of  the  solar 
wind.  The  positive  fields  are  shown  in  light  shading  and  the  negative  fields  in  dark  shading.  The  sur¬ 
face  fields  will  be  shown  in  a  format  similar  to  that  published  monthly  in  Solar  Geophysical  Data  by 
the  World  Data  Center  in  Boulder. 

In  addition  to  our  own  analysis  of  our  observations,  we  have  encouraged  collaborations  in  the 
analysis  and  application  of  the  synoptic  data  obtained  at  Stanford.  The  Stanford  synoptic  data  in  the 
form  prepared  by  Hoeksema  has  been  useful  for  several  such  collaborative  efforts.  One  project 
proceeding  in  collaboration  with  Steve  Suess  at  MSFC  involves  modeling  the  expansion  of  the  solar 
wind  using  the  observed  magnetic  configuration.  Another  related  project  (with  S.  I.  Akasofu  of  the 
University  of  Alaska)  is  using  the  Stanford  observations  as  input  to  a  kinematic  model  of  solar  wind 
expansion.  We  are  also  presently  collaborating  with  K.  W.  Behannon  who  is  comparing  our  predictions 
with  spacecraft  observations  and  with  M.  Stix  (Kiepenheuer  Institute)  for  studies  of  the  solar  internal 
field  structure.  The  Stanford  observations  are  also  routinely  used  for  forecasting  interplanetary  condi¬ 
tions  at  the  NOAA  Space  Environment  Laboratory  (our  data  is  sent  to  Boulder  daily  by  a  direct  com¬ 
puter  connection). 

Solar  Flare  Acceleration  of  Solar  Wind 

The  first  stage  of  our  investigation  of  the  relation  between  the  solar  wind  response  to  a  solar  flare 
and  the  location  of  the  flare  with  respect  to  the  large  scale  magnetic  structure  has  been  completed.  A 
detailed  analysis  has  been  accepted  for  publication  4  and  has  been  included  here  as  Appendix  B. 

In  the  analysis,  we  used  all  flares  in  the  Comprehensive  Flare  Index  (CFI)  compiled  by  Dodson 
and  Hedeman  5  for  which  both  solar  wind  velocity  and  Stanford  magnetogram  observations  were  avail¬ 
able.  Only  flares  with  a  CFI  of  7  or  greater  were  used.  We  divided  the  flares  into  two  groups.  In  one 
group  were  all  flares  located  on  the  same  side  of  the  heliospheric  current  sheet  as  the  earth  would  be  at 


Computed  Heliospheric  Magnetic  Fields:  1976  -  1 9 ti  l  "  I  his  plot  shows 
uted  source  surface  field  for  rotation  1766,  which  was  in  December 
dark  shading  shows  regions  with  magnetic  fields  directed  toward  the 
?ht  shading  regions  with  the  field  directed  away  from  the  sun 


the  time  the  flare  accelerated  solar  wind  material  would  reach  the  earth.  The  flares  on  the  opposite  side 
of  the  current  sheet  were  classified  in  the  second  group.  We  then  examined  the  solar  wind  response  to 
all  flares  in  the  two  groups.  We  found  a  strong  relationship  such  that  flares  on  the  same  side  of  the 
current  sheet  tend  to  produce  larger  disturbances  than  flares  on  the  opposite  side. 

This  effect  is  likely  due  to  an  interaction  of  the  flare  material  with  the  slow  speed  and  high  den¬ 
sity  solar  wind  near  the  current  sheet  rather  than  the  current  sheet  itself.  To  further  understand  this 
effect,  one  should  make  a  case  study  of  a  set  of  flares  for  which  spacecraft  data  is  available  at  several 
heliocentric  distances. 


References 


1.  Hershel  B.  Snodgrass  and  Robert  Howard,  Limits  of  Photospheric  Doppler  Signatures  for  Solar 
Giant  Cells,  Ap.  J.  284,2  (1984),  848-855. 

2.  H.  Yoshimura,  Philip  H.  Scherrer,  J.  Todd  Hoeksema  and  Richard  Bogart,  The  Detection  of 
Global  (Giant  Cell)  Convective  Wave  Flows  on  the  Sun,  Presented  at  the  1985  Meeting  of  the 
Solar  Physics  Division,  American  Astronomical  Society,  Tucson,  Arizona,  1985  May  13-15. 

3.  J.T.  Hoeksema  and  P.H.  Scherrer,  Harmonic  Analysis  of  the  Solar  Magnetic  Field,  Proceedings  of 
the  Fourth  European  Meeting  on  Solar  Physics  -  'The  Hydromagnetics  of  the  Sun’-. 
Noordwijkerhout,  The  Netherlands,  1-3  Oct  1984,  1984  November. 

4.  Harald  M.  Henning,  Philip  H.  Scherrer  and  J.  Todd  Hoeksema,  The  Influence  of  the  Heliospheric 
Current  Sheet  and  Angular  Separation  on  Flare  Accelerated  Solar  Wind,  submitted  to  J.  Geophys. 
Res.,  1985. 

5.  Dodson,  H.W.  and  Hedeman,  E.R.,  Experimental  Comprehensive  Solar  Flare  Indices  for  "Major" 
and  Certain  Lesser  Flares,  1975-1979,  Report  UAG-80,  1981. 


PUBLICATIONS 


Philip  H.  Scherrer 
and 

Solar-Terrestrial  Physics  Group 
Center  for  Space  Science  and  Astrophysics 
Stanford  University,  Stanford,  California  94305 

The  Annual  Reports  of  Observatories:  Wilcox  Solar  Observatory,  P.H.  Scherrer,  J.T. 

Hoeksema,  R.B.  Bogart  and  H.  Henning  Bulletin  of  the  Astronomical  Society, 
vol.  18,  No.  1.  1986. 

The  Detection  of  Global  Convective  Wave  Flows  on  the  Sun,  P.H.  Scherrer  and  H. 
Yoshimura  Nature  (1985  submitted). 

The  Detection  of  Global  Convective  Wave  Flows  on  the  Sun,  P.H.  Scherrer,  R.S.  Bogart, 
J.T.  Hoeksema  and  H.  Yoshimura  Proceedings  from  the  NATO  Advanced 
Research  Workshop  on  the  Seismology  of  the  Sun  and  the  Distant  Stars,  D. 
Reidel  (pub.),  1985  in  press. 

Confirmation  of  a  152-Day  Periodicity  in  the  Occurrence  of  Solar  Flares  Inferred  from 
Microwave  Data,  R.S.  Bogart,  and  T.  Bai  The  Astrophysical  Journal  (Letters), 
299,  No.l,  part  2,  L51-L55,  December  1985. 

Observations  of  Low-Degree  P-Mode  Oscillations  in  1984,  H.  Henning,  and  P.H.  Scherrer, 
Proceedings  from  the  NATO  Advanced  Research  Workshop  on  the  Seismology 
of  the  Sun  and  the  Distant  Stars,  D.  Reidel  (pub.),  1985  in  press. 

Comments  on  Techniques  for  Spectral  Deconvolution,  P.H.  Scherrer  Proceedings  from  the 
NATO  Advanced  Research  Workshop  on  the  Seismology  of  the  Sun  and  the  Dis¬ 
tant  Stars,  D.  Reidel  (pub.),  1985  in  press. 

The  Relationship  of  the  Large-Scale  Solar  Field  to  the  Interplanetary  Magnetic  Field’  What 
will  Ulysses  Find?,  J.T.  Hoeksema,  Proceedings  of  the  19th  ESLAB  Symposium 
on  the  Sun  and  the  Heliosphere  in  Three  Dimensions,  D.  Reidel  (pub.),  1985  in 
press. 

Solar  Wind  Speed  Azimuthal  Variation  Along  the  Heliospheric  Current  Sheet,  S.T.  Suess, 
P.H.  Scherrer,  and  J.T.  Hoeksema  Proceedings  of  the  19th  ESLAB  Symposium 
on  the  Sun  and  the  Heliosphere  in  Three  Dimensions,  D.  Reidel  (pub.),  1985  in 
press. 

The  Three-Dimensional  Geometry  of  the  Heliospheric  Current  Sheet,  C.D.  Fry,  S.I. 

Akasofu,  J.T.  Hoeksema,  and  K.  Hakamada  Planetary  and  Space  Science,  33,  8, 
915-923,  1985 

The  Influence  of  the  Heliospheric  Current  Sheet  and  Angular  Separation  on  Flare 
Accelerated  Solar  Wind,  H.  Henning,  P.H.  Scherrer,  and  J.T.  Hoeksema,  Jour¬ 
nal  of  Geophysical  Research,  90,  All,  11055-11061 ,  November  1985 

Harmonic  Analysis  of  the  Solar  Magnetic  Field  J.T.  Hoeksema  and  P.H.  Scherrer  Proceed¬ 
ings  of  the  Fourth  European  Meeting  on  Solar  Physics  -'The  Hydromagnetics 
of  the  Sun’-  Noordwijkerhout,  The  Netherlands,  1-3  Oct.1984  (ESA  SP-220, 
Nov.  1984). 


v  .  •> 


Detection  of  Solar  Gravity  Mode  Oscillations,  P.H.  Scherrer,  Proceedings  of  Solar  Seismol¬ 
ogy  From  Space,  Snowmass,  Colorado,  August  17-19,  1983,  1985. 

Structure  and  Evolution  of  the  Large  Scale  Solar  and  Heliospheric  Magnetic  Fields,  J.  Todd 
Hoeksema,  Doctoral  Dissertation,  CSSA-ASTRO-84-07,  Stanford  University, 
1984. 

Relationships  Between  a  Potential  Field-Source  Surface  Model  of  the  Coronal  Magnetic 
Field  and  Properties  of  the  Solar  Wind  at  1  AU,  S.T.  Suess,  J.M.  Wilcox,  J.T. 
Hoeksema,  H.  Henning,  and  M.  Dryer,  Journal  of  Geophysical  Research,  89, 
3657-3961,  1984. 

Detection  of  Solar  Gravity  Mode  Oscillations,  P.H.  Scherrer,  Mem.SAJt.,  Vol. 
55,  No. 1-2,  1984. 

The  Spiral  Sector  Transition  Regions  in  the  Interplanetary  Magnetic  Fields,  Zhao  Xue-pu, 
John  M.  Wilcox,  and  Philip  H.  Scherrer,  Chinese  Journal  of  Space  Science,  3, 
No.  1,  1-9,  1983. 

The  Structure  of  the  Heliospheric  Current  Sheet:  1978-1982,  J.  Todd  Hoeksema,  John  M. 

Wilcox,  and  Philip  H.  Scherrer,  Journal  of  Geophysical  Research,  88,  9910- 
9918,  1983. 

Detection  of  Solar  Gravity  Mode  Oscillations,  Philippe  Delache,  and  Philip  H.  Scherrer, 
Nature,  306,  651-653,  1983. 

The  Korean  Auroral  Records  of  the  Period  AD  1507-2747  and  the  SAR  Arcs,  Zhuwen 
Zhang,  Journal  of  Geophysical  Research,  in  press,  1984. 

Comparison  of  Heliospheric  Current  Sheet  Structure  Obtained  from  Potential  Magnetic 
Field  Computations  and  from  Observed  Polarization  Coronal  Brightness,  John 
M.  Wilcox,  and  AJ.  Hundhausen,  Journal  of  Geophysical  Research,  88,  8095- 
8096,  1983. 

Solstitial  and  Hemispherical  Asymmetry  in  the  Response  of  Geomagnetic  Field,  G.  N.  Shah, 
R.  K.  Kaul,  C.  L.  Kaul,  H.  Razdan,  W.  J.  Merryfield,  and  J.  M.  Wilcox,  Jour¬ 
nal  of  Geophysical  Research,  89,  295-300,  1983. 

Flow  in  Coronal  Loops  with  a  Mass  Source,  Giancarlo  Noci  and  Francesca  Zuccarello, 
Solar  Physics.  88,  193-209,  1983. 

New  Absolute  Spectroscopic  Measurement  of  the  Solar  Equatorial  Rotation  Rate,  J.  L. 
Snider,  Solar  Physics,  84,  377-387,  1983. 

Interplanetary  Magnetic  Field  and  Tropospheric  Circulation,  John  M.  Wilcox,  Philip  H. 

Scherrer,  and  J.  Todd  Hoeksema,  in  Proceedings  of  Second  International  Sym¬ 
posium  on  Solar-Terrestrial  Influences  on  Weather  and  Climate,  Boulder, 
Colorado,  August  1982,  1983. 

Review  of  Observations  Relevant  to  Solar  Oscillations,  Philip  H.  Scherrer,  in  Proceedings 
of  Pulsations  in  Classical  and  Cataclysmic  Variable  Star  Conference  at  JILA, 
Boulder,  Colorado,  June  1982,  pp.  83-98. 


Unsteady,  Thermally  Conductive  Coronal  Flow,  S.T.  Suess,  The  Astrophysical  Journal,  259, 
880-899,  1982. 

Structure  of  the  Heliospheric  Current  Sheet  in  the  Early  Portion  of  Sunspot  Cycle  21,  J. 

Todd  Hoeksema,  John  M.  Wilcox,  and  Philip  H.  Scherrer,  Journal  of  Geophysi¬ 
cal  Research,  87,  10,331-10,338,  1982. 

Observation  of  Additional  Low-Degree  Five-Minute  Modes  of  Solar  Oscillation,  Philip  H. 

Scherrer,  John  M.  Wilcox,  J.  Christensen-Dalsgaard,  and  D.O.  Gough,  Nature, 
297,  312-313,  1982. 

Detection  of  Solar  Five-Minute  Oscillations  of  Low  Degree,  Philip  H.  Scherrer,  John  M. 

Wilcox,  J.  Christensen-Dalsgaard,  and  D.O.  Gough,  in  Proceedings  of  66th  IAU 
Colloquium,  Crimean  Astrophysical  Observatory,  U.S.S.R.,  September  1981, 
Solar  Physics,  82,  75-87,  1983. 

Helium  Abundance  Variations  in  the  Solar  Wind  at  1  A.U.,  G.  Borrini,  J.T.  Gosling,  S.J. 
Bame,  and  W.C.  Feldman,  Solar  Physics,  83,  367-378,  1983. 

Structure  of  the  Solar  Oscillation  With  Period  Near  160  Minutes,  Philip  H.  Scherrer  and 
John  M.  Wilcox,  in  Proceedings  of  66th  IAU  Colloquium,  Crimean  Astrophysi¬ 
cal  Observatory,  U.S.S.R.,  September  1981,  Solar  Physics,  82,  37-42,  1983. 

A  Measurement  of  the  Magnetic  Field  Direction  at  the  Site  of  Major  Flares,  H.  Lundstedt, 
Solar  Physics,  81,  293-302,  1982. 

Helium  Abundance  Enhancements  in  the  Solar  Wind:  A  Signal  of  Coronal  Transients  at  1 
A.U.,  G.  Borrini,  J.T.  Gosling.  SJ.  Bame,  and  W.C.  Feldman,  Journal  of  Geo¬ 
physical  Research,  87,  7370-7378,  1982. 

An  Analysis  of  Shock  Wave  Disturbances  Observed  at  1  A.U.  from  1971  through  1978,  G. 

Borrini,  J.T.  Gosling,  SJ.  Bame,  and  W.C.  Feldman,  Journal  of  Geophysical 
Research,  87,  4365-4373,  1982. 

Modification  of  Average  Coronal  Properties  in  the  Presence  of  Periodic  Temperature  and 
Density  Variation  Near  the  Base,  S.T.  Suess,  in  Proceedings  of  Second  Cam¬ 
bridge  Workshop  on  Cool  Stars,  Stellar  Systems,  and  the  Sun,  October  1981, 
pp.l  13-120. 

Unsteady,  Thermally  Conductive  Flow,  S.T.  Suess,  Astrophysical  Journal,  259,  880-899, 
1982. 


Is  Energy  Storage  and  Release  Part  of  the  Substorm  Process?,  C.  Robert  Clauer,  Invited 
Review  presented  at  the  Auroral  Workshop,  Oulu,  Finland,  August  1981, 
SUIPR  Report  No.  846. 

Coronal  Streamers  In  the  Solar  Wind  at  1  A.U.,  G.  Borrini,  J.T.  Gosling,  SJ.  Bame,  and 
W.C.  Feldman,  Journal  of  Geophysical  Research,  86,  5438-5448,  1981. 

Solar  Wind  Helium  and  Hydrogen  Structure  Near  the  Heliospheric  Current  Sheet:  A  Signal 
of  Coronal  Streamers  at  1  A.U.,  G.  Borrini,  J.T.  Gosling,  SJ.  Bame,  W.C. 
Feldman,  and  John  M.  Wilcox,  Journal  of  Geophysical  Research,  86,  4565- 
4573,  19 81. 


Solar  Flare  Acceleration  of  Solar  Wind:  Influence  of  Active  Region  Magnetic  Field,  H. 
Lundstedt,  John  M.  Wilcox,  and  Philip  H.  Scherrer,  Science,  212,  1501,  1981. 

Solar  Wind  Control  of  Auroral  Zone  Geomagnetic  Activity,  C.  Robert  Gauer,  R.L. 

McPherron,  C.  Searls,  and  M.G.  Kivelson,  Geophysical  Research  Letters,  8,  No. 
8,  915-918,  1981. 

What  Causes  the  Warp  in  the  Heliospheric  Current  Sheet?  John  M.  Wilcox  and  Philip  H. 
Scherrer,  Journal  of  Geophysical  Research,  86,  5899-5900,  1981. 

On  the  Nature  of  the  Apparent  Response  of  the  Vorticity  Area  Index  to  the  Solar  Magnetic 
Field,  John  M.  Wilcox  and  Philip  H.  Scherrer,  Solar  Physics,  74,  421-432, 
1981. 

Geomagnetic  Activity  and  Hale  Sector  Boundaries,  H.  Lundstedt,  Philip  H.  Scherrer,  and 
John  M.  Wilcox,  Planetary  and  Space  Science,  29,  167,  1981. 

Possible  Influence  of  Solar  Rotation  on  Tropospheric  Circulation,  John  M.  Wilcox,  in 
Proceedings,  Sun  and  Climate  Conference,  Toulouse,  France,  Sept/Oct  1980, 
pp.  173-188. 

Notes  from  the  Stanford  Sun-Weather  Workshop,  C.  Robert  Gauer,  Stanford  University 
Institute  for  Plasma  Research  (SUIPR)  Report  No.  825,  December  1980. 

Doppler  Observations  of  Solar  Rotation,  Philip  H.  Scherrer,  and  John  M.  Wilcox,  The 
Astrophysical  Journal,  239,  L89-L90,  1980. 

The  Origin  of  the  Warped  Heliospheric  Current  Sheet,  John  M.  Wilcox,  J.  Todd  Hoeksema, 
and  Philip  H.  Scherrer,  Science,  209,  603-605,  1980. 

The  Rotation  of  the  Sun:  Observations  at  Stanford,  Philip  H.  Scherrer,  John  M.  Wilcox, 
and  L.  Svalgaard,  The  Astrophysical  Journal,  241,  811-819,  1980. 

Further  Evidence  of  Solar  Oscillations  With  a  Period  of  160  Minutes,  Philip  H.  Scherrer, 
John  M.  Wilcox,  A.B.  Severny,  V.A.  Kotov,  and  T.T.  Tsap,  The  Astrophysical 
Journal  Letters,  237,  L97-L98,  1980. 

Solar  Activity  and  Changes  in  Atmospheric  Circulation,  John  M.  Wilcox,  in  Proceedings, 
1978  COSPAR  Meeting,  Innsbruck,  Austria,  Journal  of  Atmospheric  and  Terres¬ 
trial  Physics,  41,  753-763,  1979. 

Solar  Wind-Solar  Terrestrial,  John  M.  Wilcox,  IAU  Commission  10  Report-Solar  Activity, 
International  Astronomical  Union  Report  on  Astronomy,  1979. 

Solar  Variability  and  Terrestrial  Weather,  Philip  H.  Scherrer,  Reviews  of  Geophysics  and 
Space  Physics,  17,  724-731,  1979. 

Effects  of  Solar  Activity  on  the  Earth’s  Atmosphere  and  Biosphere,  eds.  MJ9.  Gnevyshev 
and  A.I.  01’,  Book  Review,  John  M.  Wilcox,  EOS,  60,  136,  1979. 

The  Equatorial  Rotation  Velocity  of  the  Photosphere  is  Measured  to  be  the  Same  as  Sun¬ 
spots,  L.  Svalgaard,  Philip  H.  Scherrer,  and  John  M.  Wilcox,  in  Proceedings, 
Workshop  on  Solar  Rotation,  eds.  G.  Belvedere  and  L.  Patemo,  Osservatorio 


Astrofisico  di  Catania,  Publicazione  No.  162,  p.  151-158,  1979. 

The  Variation  with  Time  of  a  Sun- Weather  Effect,  John  M.  Wilcox  and  Philip  H.  Scherrer, 
Nature,  280,  845,  1979. 

Intensity  of  Tropospheric  Circulation  Associated  with  Solar  Magnetic  Sector  Boundary 
Transits,  John  M.  Wilcox,  Philip  H.  Scherrer,  and  L.  Svalgaard,  Journal  of 
Atmospheric  and  Terrestrial  Physics,  41,  657-659,  1979. 

Tropospheric  Circulation  and  Interplanetary  Magnetic  Sector  Boundaries  Followed  by  MEV 
Proton  Streams,  John  M.  Wilcox,  Nature,  278,  840-841,  1979. 

Observations  of  Solar  Oscillations  with  Periods  of  160"  at  the  Stanford  Solar  Observatory 
and  at  the  Crimean  Astrophysical  Observatory,  PH.  Scherrer,  John  M.  Wilcox, 
V.  Kotov,  A.B.  Seventy,  and  T.T.  Tsap,  Nature,  277,  635-637,  1979. 

Influence  of  the  Solar  Magnetic  Field  on  Tropospheric  Circulation,  John  M.  Wilcox, 
Solar-Terrestrial  Influences  on  Weather  and  Climate,  eds.  B.M.  McCormac  and 
T.A.  Seliga,  D.  Reidel  Publishing,  Dordrecht,  Holland,  1979,  pp.  149-159. 

Solar/Terrestrial  Meteorological  Relationships,  John  M.  Wilcox,  in  Proceedings,  8th  Techni¬ 
cal  Exchange  Conference,  United  States  Air  Force  Academy,  1979,  pp.  3845. 

Interplanetary  Magnetic  Field  Polarity  and  the  Size  of  Low-Pressure  Troughs  Near  180®  W. 

Longitude,  John  M.  Wilcox,  P.B.  Duffy,  K.H.  Schatten,  Philip  H.  Scherrer,  L. 
Svalgaard,  W.O.  Roberts,  and  R.  Olson,  Science,  204,  60-62,  1979. 

Large-Scale  Solar  Velocity  Fields,  Thomas  L.  Duvall,  Jr.,  Solar  Physics,  63,  3-15,  1979. 

Average  Photospheric  Poloidal  and  Toroidal  Magnetic  Field  Components  Near  Solar 
Minimum,  Thomas  L.  Duvall,  Jr.,  Philip  H.  Scherrer,  Leif  Svalgaard,  and  John 
M.  Wilcox,  Solar  Physics.  61,  233-245,  1979. 

Dependence  of  Geomagnetic  Activity  on  Solar  Wind  Parameters:  A  Statistical  Approach, 
K.  Maezawa,  Solar  Terrestrial  Environmental  Research  in  Japan,  2,  103-125, 
1978. 

2*  40"  Oscillation  Observations  at  Stanford,  Philip  H.  Scherrer,  in  Proceedings,  Symposium 
on  Large-Scale  Motions  on  the  Sun,  Sacramento  Peak  Observatory,  1978. 

Sun  and  Weather,  John  M.  Wilcox,  Naval  Research  Reviews,  31,  21-32,  1978. 

Using  Dynamo  Theory  to  Predict  the  Sunspot  Number,  Kenneth  H.  Schatten,  Philip  H. 

Scherrer,  Leif  Svalgaard,  and  John  M.  Wilcox,  Geophysical  Research  Letters,  5, 
411414,  1978. 

Comment  on  ’Evidence  for  Strong  Artificial  Components  of  the  Equivalent  Linear  Ampli¬ 
tude  Geomagnetic  Indices’  by  DAI.  Bubenik  and  A.C.  Fraser-Smith;  PH. 
Mayaud  and  Leif  Svalgaard,  Journal  of  Geophysical  Research,  83,  2723-2724, 
1978. 

A  View  of  Solar  Magnetic  Fields,  the  Solar  Corona  and  the  Solar  Wind  in  Three  Dimen¬ 
sions,  Leif  Svalgaard  and  John  M.  Wilcox,  Annual  Reviews  of  Astronomy  and 


Astrophysics,  16,  429-443,  1978. 

The  Strength  of  the  Sun’s  Polar  Fields,  Leif  Svalgaard,  Thomas  L.  Duvall,  Jr.,  and  Philip  H. 
Scherrer,  Solar  Physics,  58,  225-240,  1978. 

An  Observational  Search  for  Solar  Pulsations  at  Periods  from  Seven  to  Seventy  Minutes, 
P.H.  Dittmer,  Astrophysical  Journal,  224,  265-275,  1978. 

An  Observational  Search  for  Large-Scale  Organizations  of  Five-Minute  Oscillations  of  the 
Sun,  P.H.  Dittmer,  Philip  H.  Scherrer,  and  John  M.  Wilcox,  Solar  Physics,  57, 
3-11,  1978. 

On  the  Supposed  Anticorrelation  of  Solar  Polar  and  Equatorial  Rotation  Rates,  Thomas  L. 
Duvall,  Jr.,  and  Leif  Svalgaard,  Solar  Physics,  56,  463-466,  1978. 

Sun  and  Weather,  Chapter  8,  Geophysical  Predications,  John  M.  Wilcox,  National 
Academy  of  Sciences,  1978. 


A  Nap  Es  A  Foldi  Idoharas  (Solar  Structure  and  Terrestrial  Weather),  John  M.  Wilcox,  in 
Csillagaszati  Evkonyv  1978  (Astronomical  Year  Book  1978)  Gondolat  Kiado, 
Budapest,  Hungary,  1977  [Reprinted  from  Science  192,  754,  1976], 

Solar  Wind  and  Interplanetary  Medium,  Leif  Svalgaard,  Illustrated  Glossary  for  Solar  and 
Solar-Terrestrial  Physics,  eds.  Bruzek  and  Durrant,  1977,  Chapter  13,  pp.  149- 
157. 

A  Study  of  Large-Scale  Solar  Magnetic  and  Velocity  Fields,  Thomas  L.  Duvall,  Jr.,  PhD. 
Thesis,  Stanford  University,  Applied  Physics  Department,  December  1977. 

Large-Scale  Periodic  Solar  Velocities:  An  Observational  Study,  P.H.  Dittmer,  PhD. 
Thesis,  Stanford  University,  Applied  Physics  Department,  March  1977. 

The  Mean  Magnetic  Field  of  the  Sun:  Observations  at  Stanford,  Philip  H.  Scherrer,  John 
M.  Wilcox,  Leif  Svalgaard,  Philip  H.  Dittmer,  and  Eric  K.  Gustafson,  Solar 
Physics,  54,  353-361,  1977. 

Geomagnetic  Activity:  Dependence  on  Solar  Wind  Parameters,  L.  Svalgaard,  Chapter  IX, 
Coronal  Holes  and  Solar  Wind  Streams,  ed,  J.  Zirker,  University  of  Colorado 
Associated  Press,  1977. 


Comparison  of  H  Synoptic  Charts  with  the  Large-Scale  Solar  Magnetic  Field  as  Observed 
at  Stanford,  Thomas  L.  Duvall,  Jr.,  Leif  Svalgaard,  Philip  H.  Scherrer,  and 
Patrick  McIntosh,  Solar  Physics,  55,  63-68,  1977. 

The  Mean  Magnetic  Field  of  the  Sun:  Method  of  Observation  and  Relation  to  the  Inter¬ 
planetary  Magnetic  Field,  Philip  H.  Scherrer,  Valeri  Kotov,  A.B.  Severny,  John 
M.  Wilcox,  and  Robert  Howard,  Solar  Physics,  52,  3-12,  1977. 

A  Synoptic  Approach  to  Sun-Weather  Investigations,  John  M.  Wilcox,  Journal  of  Atmos¬ 
pheric  and  Terrestrial  Physics,  39,  173-178,  1977. 

Publications  before  1977  available  on  request 


LECTURES  AND  PAPERS  DELIVERED 

Philip  H.  Scherrer 
and 

Solar-Terrestrial  Physics  Group 
Center  for  Space  Science  and  Astrophysics 
Stanford  University,  Stanford,  California  94305 

American  Geophysical  Union  Fall  Meeting,  San  Francisco,  California.  December  8-13,  1985: 

"Coronal  Rotation  in  the  Northern  and  Southern  Hemispheres,”  J.T.  Hoeksema  &  P.H. 
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"Relationship  of  the  Large-Scale  Solar  Field  to  the  Interplanetary  field:  What  Will  Ulysses 
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"The  Structure  of  the  Heliospheric  Current  Sheet  in  Early  Sunspot  Cycle  21,"  Philip  H. 
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Pulsations  in  Classical  and  Cataclysmic  Variable  Stars  Conference,  Joint  Institute  for  Laboratory  Astro¬ 
physics,  Boulder,  Colorado,  June  1-4,  1982: 

"Review  of  Observations  Relevant  to  Solar  Oscillations,”  Philip  H.  Schemer  (Invited  Paper). 
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HARMONIC  ANALYSIS  OF  THE  SOLAR  MAGNETIC  FIELD 


J.T.  Hoeksema  &  P.H.  Scherrer 

Center  for  Space  Science  and  Astrophysics 
Stanford  University ,  California.  USA 


Abstract 

The  spherical  harmonics  of  the  global  solar  magnetic  field  have 
been  calculated  using  photospheric  field  measurements  from  the  Stan¬ 
ford  Solar  Observatory  from  1976  -  1983.  Near  minimum  the  helios¬ 
pheric  field  is  predominantly  a  dipole  field  with  a  small  quadrupole 
warp  which  influences  the  interplanetary  medium  at  the  Earth's  lati¬ 
tude.  Near  solar  maximum  the  magnitudes  of  the  quadrupole  and 
octopole  components  are  comparable  to  the  dipole.  During  most  of 
the  cycle  the  field  cannot  be  adequately  described  as  simply  a  dipole 
or  tilted  dipole. 

The  polar  and  equatorial  components  of  the  dipole  evolve 
independantly  which  means  that  the  field  evolution  during  the  solar 
cycle  should  not  be  described  as  a  "rotating  dipole." 

The  amplitude  modulation  of  the  harmonics  is  suggestive  of  a 
beating  phenomenon  among  a  few  signals  with  closely  spaced  periods. 
Spectral  analysis  of  the  equatorial  dipole  shows  dominant  peaks  at 
27.0  and  28.2  days.  The  higher  order  harmonics  have  similar  charac¬ 
teristics. 

Keywords.  Coronal  Structure,  Heliospheric  Field,  Solar  Cycle 


The  configuration  of  the  heliospheric  field  changes  substantially  dur¬ 
ing  the  solar  cycle.  Near  solar  minimum  the  structure  is  quite  sim¬ 
ple.  The  current  sheet,  which  marks  the  surface  dividing  regions  of 
interplanetary  field  (IMF)  pointing  toward  and  away  from  the  sun, 
lies  near  the  equator  with  small  warps  producing  the  4-sector  struc¬ 
ture  observed  in  the  IMF  near  Earth.  During  the  rise  to  maximum, 
the  latitudinal  extent  of  the  current  sheet  increases  as  the  strong 
polar  fields  weaken  and  eventually  reverse  sign.  Near  maximum  the 
complexity  of  the  field  may  even  produce  multiple  current  sheets. 
The  declining  phase  of  the  cycle  can  be  characterised  by  strengthen¬ 
ing  polar  fields,  simplification  of  the  magnetic  structure,  and  the 
development  of  very  stable  heliospheric  magnetic  field  patterns. 

The  preceeding  picture  can  be  inferred  from  spacecraft  meas¬ 
urements  of  the  IMF,  comet  tail  observations,  coronal  hole  locations, 
interplanetary  scintillation  measurements  of  the  solar  wind  speed, 
coronameter  polarization  brightness  data,  and  from  computations  of 
the  coronal  field  from  photospheric  observations  (Refs.  1-8). 

Using  the  photospheric  field  measurements  from  the  Stanford 
Solar  Observatory  and  a  potential  field  -  source  surface  model  of  the 
coronal  magnetic  field,  we  have  calculated  the  field  structure  in  the 
low  corona.  In  this  method  the  field  is  specified  in  terms  of  the  vari¬ 
ous  spherical  harmonic  modes,  vii.  dipole,  quadrupole,  octupole,  etc. 
The  solar  wind  carries  the  field  configuration  at  the  source  surface 
radially  outward  into  the  heliosphere.  Since  the  structure  ■  ’locked 
in*  at  2.5  solar  radii,  the  relative  magnitudes  of  the  multipole 
moments  describing  the  location  of  the  current  sheet  do  not  change 
with  increasing  distance  from  the  sun. 
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Figure  1:  RMS  value  of  the  field  at  the  source  surface  due  to  the  dipole  (1=1),  quadrupole 
(1=2),  and  octupole  (1=3)  multipoles  from  May  1978  through  June  1984  All  are  plotted  on  the 
same  scale. 
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Figure  1  shows  the  rms  value  of  the  field  strength  at  the  base  of 
the  heliosphere  (the  "source  surface")  due  to  the  dipole,  qu&drupole 
and  octupole  moments.  Stanford's  synoptic  observations  of  the  pho- 
tospheric  Geld  began  in  May  1976,  near  minimum,  and  continue  to 
the  present  lime.  All  the  components  are  plotted  on  the  same  scale 
and  show  the  relative  contributions  to  the  heliospheric  rms  field 
strength. 

During  1976,  1977,  1984,  and  part  of  1982  the  dipole  was  the 
largest  component.  During  the  other  5  years  the  quadrupole  and 
sometimes  the  octupole  were  of  about  the  same  magnitude.  Even 
near  minimum  the  quadrupole  greatly  influenced  the  IMF  structure 
observed  at  Earth.  The  heliospheric  field  cannot  usually  be  described 
just  in  terms  of  a  dipole. 

Does  the  solar  dipole  field  rotate  slowly  from  north  to  south  as 
the  polar  fields  reverse  near  solar  maximum?  (Ref.  9)  If  so,  the  equa> 
torial  and  polar  components  of  the  dipole  should  evolve  together  so 
that  as  the  polar  component  weakens  the  equatorial  component 
strengthens,  like  sine  and  cosine  waves.  Figure  2  shows  the  polar 
(m— 0)  and  equatorial  (m=l)  components  of  the  dipole.  The  m=0 
mode  is  strong  near  minimum,  weakens  and  reverses  around  max¬ 
imum.  and  strengthens  during  the  early  declining  phase  of  the  solar 
cycle.  The  equatorial  component  strengthens  as  maximum 
approaches,  but  remains  about  as  strong  as  the  polar  field  during  the 
following  years  and  varies  considerably.  Even  ignoring  the  substan¬ 
tial  contribution  of  the  higher  multipole  moments,  this  suggests  that 
the  two  dipole  components  are  really  largely  independant  and  do  not 
form  a  rotating  dipole. 

The  strong  sinusoidal  nature  of  the  equatorial  dipole  component 
results  from  the  rotation  of  the  sun.  The  amplitude  modulation  of 
the  signal  is  suggestive  of  a  beating  of  a  few  signals  with  similar  fre¬ 
quencies.  Figure  3  shows  the  power  spectrum  of  the  equatorial  dipole 
component  shown  in  Figure  2.  All  of  the  power  is  clustered  near  the 
solar  rotation  period  with  the  largest  peaks  at  periods  of  27.0  and 
28.2  days.  The  same  frequencies  dominate  when  the  signal  is  divided 
into  successive  3  year  intervals.  The  higher  order  harmonics  show 
similar  organization,  though  not  as  clearly  as  the  dipole.  One  would 
expect  differential  rotation  to  smear  out  any  large  scale  organization 
of  the  equatorial  dipole  rather  than  show  organization  into  two 
discreet  frequencies.  Not  surprisingly,  the  pattern  of  IMF  polarity 
recurs  with  the  same  two  periods. 

Conclusion* 

The  configuration  of  the  heliospheric  field  can  be  characterized 
in  terms  of  the  first  few  multipole  moments.  Except  near  minimum, 
the  field  should  not  be  referred  to  as  a  simple  dipole  field. 

The  reversal  of  the  polar  fields  occurs  gradually  as  the  polar 
component  of  the  the  field  weakens,  reverses,  and  strengthens.  The 
equatorial  dipole  evolves  independantly. 


Figure  3:  The  power  spectrum  of  the  equatorial  dipole 
shows  two  large  peaks  at  27  0  and  28  2  days 
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Thr  equatorial  dipole  field  shows  both  27  day  and  28.2  day 
rotations  rates,  similar  to  patterns  in  the  IMF.  Explanation  of  this 
phenomenon  will  require  further  investigation. 
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Figure  2  The  polar  (m=0)  and  equatorial  (m  =  l)  components  of  the  dipole  field  from  May  1976 
through  June  1984  The  polar  dipole  reversed  near  maximum  at  the  end  of  1979  The  dipole 
component  vanes  as  the  sun  rotates 
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Abstract.  A  complete  set  of  major  flares  has  been  used  to  investigate  the  effect  of  the 
heliospheric  current  sheet  on  the  magnitude  of  the  flare-associated  disturbance  measured  at 
Earth.  It  was  found  that  disturbances  associated  with  flares  located  on  the  same  side  of  the 
current  sheet  as  Earth  were  of  larger  magnitude  than  those  associated  with  flares  located 
such  that  the  flare-accelerated  material  would  have  to  cross  the  current  sheet.  It  vas  also 
found  that  the  angular  separation  between  the  flare  position  and  Earth  has  a  strong  effect 
on  the  magnitude  of  the  disturbance.  A  larger  angular  separation  tended  to  result  in  a 
smaller  disturbance.  Thirdly,  it  was  determined  that  flares  tend  to  occur  near  the  helios¬ 
pheric  current  sheet. 

1.  Introduction 

It  is  known  that  flares  produce  disturbances  in  the  solar  wind  resulting  in  geomagnetic 
activity  at  Earth.  However,  the  magnitude  of  such  disturbances  cannot  yet  be  predicted  for 
any  given  flare.  This  paper  presents  the  results  of  a  statistical  analysis  which  separates  and 
identifies  some  of  the  quantities  which  determine  the  relative  magnitude  of  a  flare-associated 
disturbance.  The  main  thrust  of  the  analysis  is  to  determine  the  effect  of  the  relationship 
between  the  location  of  the  flare  and  the  location  of  the  heliospheric  current  sheet  (HCS).  To 
avoid  bias  in  the  estimate  of  an  HCS  effect,  however,  one  must  also  examine  any  effect  due  to 
the  position  of  the  flare  on  the  solar  disk.  This  analysis  produces  two  major  results:  First,  that 
flares  occurring  on  the  opposite  side  of  the  HCS  from  the  earth  produce  smaller  solar  wind  and 
geomagnetic  disturbances  than  those  on  the  same  side.  Second,  we  find  that  the  disturbance 
decreases  with  increasing  angular  distance  of  the  flare  from  the  sub-earth  point. 

Three  kinds  of  data  were  used  in  the  present  study.  The  first  is  the  list  of  major  flares 
as  defined  by  Dodson  and  Hedeman  (1971,  1975,  1981).  The  second  is  the  location  of  the  HCS 
as  computed  by  Hockscma  (1982,  1983,  1984,  1985).  The  third  is  the  indicator  of  solar  wind 
response  to  the  flare,  and  has  been  taken  to  be  the  geomagnetic  disturbance  index  D$t  and 
solar  wind  velocity  when  available. 


t 


t.  Data 

The  flares  used  in  this  analysis  are  taken  from  the  UAG  reports  of  the  Comprehensive 
Flare  fndex  (CFI)  compiled  by  Helen  W.  Dodson  and  E.  Ruth  Hedeman  (1071,  1075,  1081). 
These  records  contain  a  complete  list  of  all  observed  major  flares  from  1055-1070.  The  CFI  is 
comprised  of  five  components: 

1)  Importance  of  ionizing  radiation  as  indicated  by  time-associated  Short  Wave  Fade 

* 

or  Sudden  Ionospheric  Disturbance  (Scale  0-3). 

2)  Importance  of  Ha  flare  (Scale  0-3). 

3)  Magnitude  of  £3 10cm  flux;  (characteristic  of  log  of  flux  in  units  of 
10*  Wm'Hf');  (Scale  0-4). 

* 

4)  Dynamic  spectrum;  (Type  II  =  1,  Continuum  =  2,  Type  IV  with  duration  >  10 
min  =  3);  (Scale  0-3). 

5)  Magnitude  of  ca.  200MHz  flux;  (characteristic  of  log  of  flux  in  units  of 
10  *  Wm  'Hz-');  (Scale  0-5). 

The  total  CFI  of  a  flare  is  then  just  the  sum  of  the  5  components,  with  a  possible  range 
of  1  to  18. 

A  major  flare  is  defined  as  one  which  was  well  above  average  in  either  ionizing,  Ha,  or 
radio  frequency  radiation  (corresponding  CFI  component  >3),  or  exhibited  a  Type  II  burst  or 
Type  IV  burst  with  longer  than  10  min  duration  (Dodson  and  Hedeman  1971,  1975,  1981). 
From  this  still  formidable  list  the  data  for  this  analysis  was  selected  by  including  only  flares 
with  a  total  CFI  of  7  or  greater.  For  the  interval  from  1968  through  1979  the  data  includes 
505  flares.  Missing  data  for  the  flare  position  or  solar  wind  parameters  reduces  this  number  to 
•lightly  more  than  400.  All  these  flares  were  used  for  the  part  of  the  analysis  determining  the 
disk-position  dependence  of  solar  wind  disturbances. 

The  location  of  the  heliospheric  current  sheet  (HCS)  is  derived  from  the  potential  field 
model  calculations  done  at  Stanford  (Hoeksema  1982,  1983,  1984,  1985).  The  HCS  data  starts 


in  the  middle  of  1076,  and  continues  to  the  present.  For  the  HCS  analysis  then,' the  flares 
from  1976  to  1079  were  used.  The  majority  of  these  occurred  in  1978  and  1970,  as  the  solar 
cycle  maximum  was  approaching.  There  are  181  flares  in  this  interval,  of  which  slightly  more 
than  HO  remain  after  elimination  of  those  with  missing  positions  or  solar  wind  data. 

The  geomagnetic  index  &ST  i  which  is  continuously  available  and  proportional  to  solar 
wind  speed  and  B,  (Murayama  1982),  and  the  solar  wind  speed  hourly  averages  observed  by 
ISEG3  are  used  to  measure  the  flare  generated  disturbance.  Figures  1  and  2  show  superposed 
epoch  analyses  of  solar  wind  speed  and  DSt  about  flare  times.  These  plots  show  a  strong  peak 
in  the  disturbance  of  the  solar  wind  and  Dst  2  to  4  days  after  the  flare.  Note  that  a  higher 
value  for  solar  wind  speed  is  the  signature  of  a  disturbance,  whereas  for  Dsr  it  is  a  lower,  i.e. 
greater  negative,  value.  We  chose  to  examine  24-hour  averages  of  these  two  indices  to  study 
the  effect  of  flare  position  on  the  disk  and  relative  to  the  HCS.  Use  of  the  24-hour  averages 
has  the  advantage  that  it  avoids  the  subjectivity  that  occurs  when  one  attempts  to  identify 
the  source  of  a  particular  disturbance.  An  analysis  of  24-hour  intervals  in  the  period  from  1.0 
to  4.5  days  after  the  flare  showed  that  averages  of  the  interval  from  2.0  to  3.0  days  after  the 
flare  demonstrate  the  effect  of  the  HCS  and  flare  position  most  strongly.  We  found  that  there 
was  a  strong  HCS  effect  evident  when  examining  any  24-hour  interval  between  1.5  and  4.5 
days  after  the  flare,  beginning  sharply  at  1.5  days  and  a  gradual  decrease  commencing  3  days 
after  the  flare  and  continuing  past  4.5  days.  Thus,  for  each  flare  in  our  study,  a  24  hour  aver¬ 
age  was  calculated  for  the  interval  starting  2  days  after  the  flare. 

The  time  interval  chosen  allows  for  a  propagation  velocity  of  the  flare-accelerated 
material  ranging  from  577  km/sec  to  866  km/sec.  Note  that  the  24  hour  average  of  the  solar 
wind  speed  itself  will  usually  be  substantially  less  than  this,  since  the  average  also  includes 
quiet  solar  wind.  Very  likely  some  of  the  flare  associated  disturbances  may  be  missed,  but, 
without  making  the  time  intervals  too  large  and  further  diluting  the  size  of  a  disturbance,  this 
problem  cannot  be  avoided  in  a  completely  objective  analysis  where  we  want  to  avoid  the 
uncertainty  in  associating  a  specific  solar  wind  or  DSj  disturbance  with  a  particular  flare. 
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3.1.  The  Helloapherle  Current  Sheet 
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To  determine  whether  a  flare-associated  disturbance  had  to  cross  the  HCS  to  reach 
Earth  we  looked  at  the  source  surface  calculated  at  Stanford  with  the  potential  field  model 
(Hoeksema  1982,  1983,  1984,  1985).  We  assume  the  steady,  undisturbed  solar  wind  carries 
the  magnetic  structure  of  the  source  surface  into  interplanetary  space,  reaching  Earth  after 
an  average  of  5  days.  The  flare  material  is  assumed  to  take  an  average  of  2.5  days  to 
reach  Earth.  Thus  we  can  estimate  the  magnetic  structure  at  the  flare  position  on  the  6un 
and  at  Earth  when  the  disturbance  arrives.  Specifically,  if  the  polarities  of  the  magnetic 
Geld  (either  inward  directed  or  outward  directed)  are  different,  the  flare  is  considered  to  be 
on  the  opposite  side  of  the  HCS,  i.e.  the  flare  material  has  to  cross  the  HCS  to  reach  Earth. 
If  the  polarities  are  the  same,  the  flare  is  considered  to  be  on  the  same  side  of  the  HCS.  If 
either  of  the  positions  was  very  close  to  the  HCS,  i.e.  the  field  magnitude  was  very  small 
(less  than  0.1  //T  on  the  source,  surface),  the  flare  was  eliminated  from  the  analysis.  There 
were  four  such  instances.  In  addition,  two  cases  where  the  flare  material  would  have  pro¬ 
pagated  tangential  to  the  HCS  were  eliminated  from  the  study,  since  the  latitudinal  extent 
of  the  HCS  is  uncertain  by  a  few  degrees.  There  were  three  cases  where  flare  material  had 
to  cross  two  HCS's.  The  final  flare  set  for  the  solar  wind  speed  analysis  contains  135  flares, 
of  which  75  are  on  the  same  side  of  the  HCS  and  60  on  the  opposite  side.  There  were  2 
more  flares  in  each  category  available  for  the  Dsr  analysis. 

We  define  a  quantity  D ,  which  we  call  the  difference  measure,  that  provides  an  indi¬ 
cation  of  the  significance  of  the  effect  the  HCS  has  on  flare-associated  disturbances  as  fol¬ 
lows  : 


where  X  is  the  quantity  with  which  we  are  measuring  the  disturbance,  e.g.  solar  wind 
speed  3-4  days  after  the  flare. 


In  words,  D  is  the  difference  between  the  average  quantity  (solar  wind  speed,  &st) 
for  flares  on  the  same  side  of  the  HCS  and  the  average  quantity  for  flares  on  the  opposite 
side  of  the  HCS,  as  measured  in  units  of  the  average  error  of  the  mean.  Thus,  a  large 
absolute  value  of  D  is  an  indicator  of  an  effect. 

Figure  3  shows  the  values  of  D  for  solar  wind  speed  2  to  3  days  after  the  flare. 
Large  positive  D  means  a  significantly  larger  value  of  average  solar  wind  speed  for  flares 
on  the  same  side  of  the  HCS  than  for  flares  on  the  opposite  side.  In  panels  a-e  the  flares 
were  grouped  depending  on  their  value  for  different  components  of  the  CFI.  The  flares  in 
figure  3a  were  grouped  by  the  value  of  the  first  component  of  the  CFI,  i.e.  by  the  impor¬ 
tance  of  ionizing  radiation.  The  value  of  D  for  all  flares  which  had  ionizing  radiation 
importance  of  1  or  greater  is  shown  at  the  abscissa  ”1+*,  the  value  of  D  for  all  flares  with 
ionizing  radiation  importance  of  2  or  greater  at  abscissa  ”2+”,  and  so  on.  Similarly,  figure 
3b  was  grouped  by  Ha  importance,  3c  by  the  magnitude  of  10cm  flux,  3d  by  the  dynamic 
spectrum,  and  3e  by  the  magnitude  of  200A///z  flux.  Note  that  the  first  point  in  each 
panel  includes  all  flares  with  a  CFI  component  value  of  0  or  greater,  i.e.  all  flares  in  the 
data.  The  reason  for  this  method  of  grouping  is  that  since  flares  are  selected  on  the  basis 
of  a  value  of  total  CFI  >7,  a  value  of  0  in  one  component  of  the  CFI  implies  on  the  aver¬ 
age  a  high  value  in  another  component  of  the  CFI.  This  bias  prevents  us  from  examining 
flares  grouped  by  a  particular  value  of  a  particular  CFI  component,  rather  we  examine 
flares  grouped  according  to  whether  a  CFI  component  exceeds  a  given  threshold.  The 
adopted  grouping  enables  one  to  see  better  the  effect  large  flares  have  as  opposed  to  smaller 


In  the  Gnal  panel,  f,  flares  were  categorized  by  their  total  CFI  value,  in  the  method 
described  above. 

Figure  4  has  the  same  format  as  figure  3,  but  shows  the  response  of  DSr  rather  than 
the  solar  wind  speed.  In  this  figure,  a  large  negative  value  of  D  indicates  an  effect,  since  a 
more  negative  value  of  the  DSt  index  indicates  greater  geomagnetic  activity. 
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The  first  and  most  important  thing  to  be  (earned  from  these  plots  is  that' there  is  a 
definite  HCS  effect.  The  flares  on  the  same  side  of  the  HCS  as  the  earth  result  in  a  larger 
disturbance,  i.e.  greater  solar  wind  speed  and  more  negative  DSj.  The  size  of  this  effect  is 
quite  large,  on  the  order  of  4o  (solar  wind  speed)  or  bo  (DSr)>  which  corresponds  to  about 
a  55  km/sec  difference  in  solar  wind  speed  or  18  in  Dst  units.  In  order  to  check  for  con¬ 
sistency  of  the  effect,  the  flares  were  divided  into  two  time  intervals  and  the  calculations 
done  separately  for  each.  The  resulting  plots  were  practically  identical  to  each 'other  and 
to  the  calculations  from  the  full  data  (figures  3  and  4),  demonstrating  the  consistency  con¬ 
vincingly. 

None  of  the  components  of  CFI,  nor  the  total  CFI,  seems  to  produce  a  significantly 
larger  or  smaller  effect.  All  the  plots  look  fairly  similar,  even  though  for  each  panel 
different  flares  determined  the  points  for  CFI  component  values  greater  than  0.  Thus  none 
of  the  components  of  CFI  stands  out  as  a  determinant  for  whether  a  flare  will  cause  a  large 
disturbance  or  not.  Nor  does  total  CFI  provide  a  better  organization,  although  it  certainly 
provides  a  more  complete  list  of  major  flares  than  any  of  its  separate  components. 

One  is  tempted  to  note  that.in  almost  all  panels,  for  a  higher  value  of  the  CFI  com¬ 
ponent  the  absolute  value  of  D  is  getting  smaller,  i.e.  perhaps  for  the  truly  strongest  flares 
the  HCS  effect  is  less.  However,  another  factor  contributes  to  produce  this  decrease  in  D . 
This  factor  is  the  definition  of  D .  For  the  points  at  larger  values  of  the  CFI  component 
there  are  fewer  flares,  and  thus  the  error  of  the  mean  is  larger,  giving  a  smaller  value  of  D  . 
If  one  examines  the  actual  solar  wind  speed  or  DSr  difference  between  the  average  for 
flares  on  the  same  side  and  the  average  for  flares  on  the  opposite  side,  the  tendency  is  actu¬ 
ally  for  the  difference  to  be  a  larger  number.  Therefore,  contrary  to  the  immediate 
assumption,  it  appears  that  the  HCS  effect  is  proportionally  stronger  for  stronger  flares. 
However,  the  uncertainty  of  the  numbers,  as  demonstrated  by  the  decrease  of  D  in  the 
plots,  means  that  we  cannot  provide  a  concrete  answer  to  this  question  about  large  flares. 
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Summarizing  this  section,  by  use  of  these  graphs  we  have  successfully  demonstrated 
that  there  exists  an  I  ICS  effect,  given  an  idea  of  its  significance  and  determined  that  no 
component  of  CFI,  i.e.  no  energy  range,  stands  out  as  a  strong  organizer  of  solar  wind  dis> 
turbances. 


3.2.  Angular  Separation 

In  the  preceding  analysis,  we  found  that  the  position  of  the  flare  with  respect  to  the 
HCS,  i.e.  6ame  or  opposite  side,  resulted  in  a  significant  difference  in  the  size  of  the  flare* 
associated  disturbance.  However,  to  get  an  unbiased  estimate  of  an  effect  the  HCS  has  on 
6uch  disturbances  one  has  to  consider  a  possible  systematic  effect  associated  with  the  angu¬ 
lar  distance  of  the  flare  from  the  sub-earth  position.  It  is  clear  that  the  farther  a  flare  is 
separated  in  angular  distance  from  the  6ub-earth  point,  the  more  likely  it  is  that  an  HCS 
lies  in-between.  Thus  there  is  a  likely  systematic  bias  that  disturbances  which  have  to 
cross  the  HCS  are  due  to  flares  which  are  at  larger  angular  distances  from  Earth.  We  have 
examined  the  6olar  wind  response  at  Earth  to  a  flare  as  a  function  of  the  angular  distance 
between  the  flare  and  the  sub-earth  point.  In  addition  to  later  enabling  us,  in  our  main 
analysis,  to  separate  the  HCS  effect  from  this  distance  effect,  this  investigation  is,  of 
course,  interesting  in  its  own  right. 

As  a  first  test  of  the  systematic  bias,  we  found  that  indeed,  for  the  period  starting  in 
1976,  where  the  HCS  position  is  known,  and  ending  in  1979,  the  end  of  the  CFI  compila¬ 
tion,  the  average  angular  distance  from  Earth  for  flares  on  the  same  side  of  the  HCS  was 
42* ,  while  for  those  on  the  opposite  side  it  was  57* . 

To  judge  the  effect  of  this  bias  we  examined  the  dependence  of  the  solar  wind 
response,  as  measured  by  magnitude  of  solar  wind  speed  or  Dst,  on  the  angular  separation 
between  the  flare  and  Earth.  Since  we  are  not  restricted  by  having  to  know  the  location  of 
the  HCS,  we  have  taken  all  flares  in  our  data  with  known  positions,  starting  with  the  year 
1968  and  running  through  1979.  The  angular  distance  to  the  sub-eartb  point  at  the  aver¬ 
age  time  when  flare  material  is  assumed  to  reach  Earth,  i.e.  after  2.5  days,  was  calculated 
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for  rich  Hire.  The  flares  were  then  binned  by  distance  and  the  average  solar  wind  speed 
and  Dst  plotted  in  figures  5a  and  Ca  respectively.  Figures  5b  and  6b  show  the  results  of  a 
similar  calculation,  except  that  only  longitudinal  separation  was  considered. 

The  graphs  clearly  show  an  effect  on  the  average  site  of  the  disturbance.  The  farther 
Earth  is  separated  in  angular  distance  from  the  position  of  the  flare,  the  weaker  the  distur- 
bance  measured  at  Earth.  It  is  debatable  whether  the  dependence  is  a  monotonic  decrease 
of  the  disturbance  with  angular  distance,  or  whether  there  is  a  region  of  about  ±40* 

|  around  the  flare  position  where  the  disturbance  is  large,  and  outside  of  this  "bubble"  the 

effect  of  the  flare  is  much  smaller  (especially  evident  for  Dst)-  However,  the  scatter  plot  of 
all  flares  seems  to  support  a  monotonic  decrease. 

i  Also,  one  can  argue  that  there  seems  to  be  an  East-West  asymmetry.  For  positive 

longitudinal  separation  the  average  magnitude  of  a  disturbance,  as  measured  by  high  solar 
wind  speed  or  large  negative  DST ,  seems  larger  than  for  corresponding  negative  longitudi- 
|  nal  separation.  Thus,  it  suggests  that  a  flare  on  the  western  hemisphere  of  the  sun  may 

have  a  larger  effect  than  one  on  the  eastern  hemisphere.  This  is  consistent  with  the  report 
that  streams  from  flares  on  the  western  hemisphere  have  a  speed  50%  higher  than  those 
|  from  eastern  flares  (Pudovkin  et  al  1979).  However,  since  the  uncertainty  is  fairly  large  we 

will  consider  only  the  angular  distance  in  the  further  analysis. 

,•  If  we  assume  a  roughly  linear  monotonic  decrease,  then  we  can  estimate  the  size  of 

l  the  systematic  effect  introduced  into  our  HCS  analysis.  We  calculated  the  average  angular 

distance  for  flares  on  the  same  side  of  the  HCS,  42* ,  and  the  opposite  side,  57* .  Figure  5a 

shows  a  difference  of  about  15  km/sec  in  average  solar  wind  speed  between  these  two 

I  values.  Figure  6a  provides  the  same  information  for  Dst,  a  difference  of  about  3  DST 

* 

V  units. 

:<  3.3.  The  HCS  Effect 

ir 

Returning  to  our  main  investigation  of  the  effect  of  the  HCS  on  the  disturbances 
'  caused  by  flares,  we  must  try  to  remove  the  effect  of  angular  distance.  To  do  to,  a  straight 

ii : 


line  was  fitted  to  a  plot  of  disturbance  (as  measured  by  solar  wind  speed  or  DST‘  measured 
at  Earth  2.0  to  3.0  days  after  the  flare)  vs.  angular  separation  for  all  flares  used  in  the 
HCS  analysis  (figures  7a  and  7b).  These  lines  then  represents  the  effect  of  angular  dis¬ 
tance,  although  one  cannot  totally  separate  the  effects  since  at  larger  angular  distance 
there  are  more  flares  on  the  opposite  side  of  the  HCS,  and  vice  versa  for  smaller  angular 
distance,  influencing  the  slope  of  the  line  such  that  the  HCS  effect  is  weakened  by  an  unk¬ 
nown,  although  certainly  little,  amount.  In  the  next  step  the  Bares  were  separated  accord¬ 
ing  to  whether  they  were  on  the  same  or  opposite  side  of  the  HCS.  For  each  flare  the  dis¬ 
tance  from  the  line  (in  appropriate  units,  i.e.  km/sec  for  solar  wind  6peed,  or  DST  units) 
was  calculated.  Each  group,  i.e.  same  and  opposite  side  flares,  has  a  roughly  Gaussian  dis¬ 
tribution.  The  centroid  and  error  of  the  mean  of  these  distributions  were  calculated  for 
both  groups  of  flares.  Then  the  difference  between  the  centroid  for  flares  on  the  same  side 
of  the  HCS  and  the  centroid  for  flares  on  the  opposite  side  was  taken,  producing  the  fol¬ 
lowing  results  : 

Solar  Wind  Speed  :  iitme  -opp.  =43.4±19.5  km  /tec  (98.7%>0) 

Dst  :  same  -op p7  =-15.4±4.6  (99.9%<0) 

Referring  to  the  values  quoted  in  section  3.1  and  3.2,  one  sees  that  the  angular  dis¬ 
tance  effect  accounts  for  roughly  one  fourth  of  the  difference  demonstrated  in  figures  1  and 
2.  The  other  three  fourths  result  from  the  HCS  effect. 

3.4.  Distance  from  the  HCS 

As  an  aside  resulting  from  this  analysis,  the  distance  of  each  flare  from  the  nearest 
HCS  was  calculated,  giving  an  average  of  16*  for  flares  from  September  of  1977  to  the  end 
of  1979,  a  period  of  continuous  high  activity.  There  was  no  significant  difference  between 
the  average  distance  for  flares  oo  the  same  side  of  the  HCS  and  the  average  distance  for 
those  on  the  opposite  side.  A  set  of  artificial  flare  positions  was  then  determined  by  keep¬ 
ing  the  actual  latitudes  (to  insure  a  realistic  distribution  in  latitude)  but  assigning  random 
Carrington  longitudes  within  this  interval.  Then  the  average  distance  to  the  HCS  for  this 


set  was  calculated.  This  process  was  repeated  400  times.  In  none  of  these  40d  trials  did 
the  avetage  come  as  low  as  the  true  average,  the  lowest  being  only  17.5* .  The  overall 
average  distance  between  random  positions  and  the  HCS  for  all  iterations  was  21* .  This 
average  is  significantly  greater  than  the  average  resulting  from  the  true  Bare  position.  This 
confirms  the  tendency  for  flares  to  occur  near  the  HCS  (Dittmer  1975). 

4.  Conclusion 

In  this  analysis  we  have  investigated  the  effect  of  angular  separation  and  the  HCS  on 
flare  associated  disturbances  measured  at  Earth.  We  have  found  that  there  is  a  clear  associa¬ 
tion  between  proximity  of  the  flare  to  the  sub-earth  point  and  stronger  disturbances.  This 
relation  accounts  for  a  fourth  of  the  difference  noted  between  disturbances  from  flares  on  the 
same  and  opposite  sides  of  the  HCS.  A  strong  effect  associated  solely  with  the  HCS  remains  at 
a  greater  than  98%  confidence  level.  Flares  on  the  same  side  of  the  HCS  tend  to  produce 
larger  disturbances  than  flares  on  the  opposite  side.  This  influence  of  the  HCS  may  be 
explained  by  the  fact  that  solar  wind  speed  tends  to  be  at  a  minimum  along  the  HCS  (Borrini 
1981),  and  thus  disturbances  in  propagating  to  Earth  would  have  to  interact  with  this  slower 
plasma,  perhaps  weakening  them. 
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Flg.3.  Graphs  of  the  difference  measure  D 
tor  solar  wind  speed  vs.  magnitude  of  the 
flare  as  measured  with  a)  importance  of 
ionizing  radiation,  b)  importance  of  //, 
flare,  c)  magnitude  of  10cm  flux,  d) 
dynamic  spectrum,  e)  magnitude  of  200//; 
flux,  and  f)  total  CFI.  In  each  panel,  D 
tuns  from  0  (bottom)  to  7  (top). 
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Fig. 4.  The  same  as  figure  3,  but  for  DST 
rather  than  solar  wind  speed.  The  magni¬ 
tude  of  D  is  greater  than  for  solar  wind 
speed,  otherwise  the  graphs  are  very  simi¬ 
lar.  In  each  panel,  D  runs  from  -7  (bot¬ 
tom)  to  0  (top). 
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Flg.7.  Graphs  of  a)  solar  wind  speed  and  b)  DST  2  to  3  days  after  a  flare  vs.  angular  dis¬ 
tance.  The  line  is  a  least  squares  fit  to  all  points,  and  represents  the  effect  of  angular  dis¬ 
tance  on  the  magnitude  of  the  flare  disturbance.  Flares  occuring  on  the  opposite  side  of  the 
IlCS  from  Earth  are  marked  with  an  » ,  those  on  the  same  side  with  an  * . 


